Effects of MgCI2 and free fatty acids (FFA) on galactolipid:galactolipid galactosyltransferase (GGGT) and UDP-galactose:1,2-diacylglycerol galactosyltransferase (UDGT) in chloroplast envelope membranes isolated from spinach (Spinacia oleracea L.) leaves were examined. GGGT activity was sigmoidally stimulated by MgCI2 with a saturated concentration of more than 5 millimolar. Free a-linolenic acid (18:3) caused a drastic increase in GGGT activity under limiting concentrations of MgCI2, without affecting its maximum activity at higher MgCI2 concentrations.
acea L.) leaves were examined. GGGT activity was sigmoidally stimulated by MgCI2 with a saturated concentration of more than 5 millimolar. Free a-linolenic acid (18:3) caused a drastic increase in GGGT activity under limiting concentrations of MgCI2, without affecting its maximum activity at higher MgCI2 concentrations.
Free 18:3 alone did not affect the GGGT activity. The effective species of FFA for the stimulation of GGGT activity in the presence of MgCI2 were unsaturated 16-and 18-carbon fatty acids. GGGT activity was also stimulated by 18:3 in the presence of MnCI2, CaCI2 and a high concentration of KCI in place of MgCI2. UDGT activity was hyperbolically enhanced by MgCI2 with a saturated concentration of 1 to 2 millimolar. In contrast to GGGT, UDGT was severely inhibited by 18:3, and MgCI2-induced stimulation was completely abolished by 18:3. Unsaturated 16-and 18-carbon fatty acids were more inhibitory to UDGT than the saturated acids. The dependence of GGGT activity on monogalactosyldiacylglycerol (MGDG) and MgCI2 concentrations was identical in the envelope membranes isolated from non-and ozone (0.5 microliter/liter)-fumigated spinach leaves, indicating that GGGT remained active in the leaves during ozone fumigation. The results are discussed in relation to the regulation of galactolipid biosynthesis by the endogenous FFA in the envelopes and to the involvement of GGGT in the triacylglycerol synthesis from MGDG in ozone-fumigated leaves.
MGDG' and DGDG are the major polar lipid constituents of chloroplast membranes (thylakoids and envelopes), and their biosynthesis has been extensively studied (6, 14, 20) . The final process ofthe galactolipid synthesis proceeds by two galactosylation steps of 1,2-DG to MGDG and MGDG to DGDG in the envelope membranes (6, 14) . The former 'Abbreviations: MGDG, DGDG, TGDG, and TTGDG, mono-, di-, tri-, and tetragalactosyldiacylglycerol, respectively; 1,2-DG, 1,2-diacylglycerol; UDGT, UDP-galactose: 1,2-diacylglycerol galactosyltransferase; GGGT reaction is catalyzed by UDGT (5, 11, 19) and the latter by GGGT (4, 10, 26) . GGGT can also synthesize TGDG and TTGDG, normally absent in plant leaves in vivo (5, 26) .
In the preceding papers (22) (23) (24) , we have shown that treatment of spinach plants with ozone, a major atmospheric pollutant, causes a drastic change in galactolipid composition in leaf tissues, suggesting that the enzymes responsible for the galactolipid metabolism are affected by ozone. We have also demonstrated that ozone stimulates the synthesis of TG from 1,2-DG moieties of MGDG, and that the conversion of MGDG to 1,2-DG is catalyzed primarily by GGGT (22) (23) (24) . Therefore, it seems likely that ozone stimulates GGGT activity in spinach leaves. Evidence has been also presented that the release of FFA from complex lipids in chloroplasts is enhanced at early stages of ozone fumigation (22) , indicating that the chloroplast envelopes would be exposed to increased levels of FFA during ozone fumigation.
Here we have tested the effect of FFA on galactolipid synthesizing enzymes, GGGT and UDGT, in the envelope membranes isolated from spinach chloroplasts. We found that FFA, in combination with divalent cations, stimulates GGGT activity, and that, in contrast, FFA has an inhibitory effect on UDGT activity. The mode of ozone action on the synthesis of TG from MGDG is discussed.
MATERIALS AND METHODS

Plant Materials and Ozone Fumigation
Spinach (Spinacia oleracea L., cv New Asia) plants were grown from seeds for 7 to 8 weeks under natural light in a glasshouse. The fumigation of the plants with ozone (0.5 ,uL/ L) was carried out in an environment-controlled growth cabinet. Other growth and fumigation conditions were described previously (2 1).
Tricine (pH 7.6 with Tris) and 4 mm MgC92, and layered on top of the discontinuous sucrose gradients composed, from the bottom, of 0.93 M (10 mL) and 0.6 M (10 mL) sucrose in the same medium. After centnfugation at 72,000g for 1 h (RPS 27-2(3) rotor, Hitachi), the purified envelope membranes (yield of 1-3 mg protein) were recovered from the interface of the two sucrose layers. The envelope membranes were diluted with a medium of 25 (2) and the labeled MGDG was purified as described previously (24) . The MGDG obtained had a specific radioactivity of 1.86 tubes, and then 18:3 in ethanol was added and quickly mixed with a vortex mixer at 4°C. Final concentration of ethanol in a reaction mixture was 1 % (v/v), which had no effect on GGGT activity. The reaction was started 15 min after the addition of 18:3: the mixture was supplied with MgCl2, followed by incubation at 30°C for 10 min with continuous shaking. The reaction was terminated by the addition of 1.8 mL chloroform/methanol (1:1, v/v), and the lipids were recovered by the procedure of Bligh and Dyer (2) . The galactolipids were separated by silica gel TLC (0.25-mm thick, Merck) developed with acetone/benzene/water (91:30:8, v/v) and located with 12 vapor and radiochromatogram scanner (LB 2723, Berthold). The silica gel zones containing galactolipids were scraped off the plate, and the radioactivity was determined by scintillation counting with Aquasol-2/methanol (2:1, v/v) according to Douce and Joyard (7) . GGGT activity was determined by the amount of label converted to DGDG, TGDG, and TTGDG, and the amount of MGDG metabolized was estimated after the correction was made for decreasing the specific radioactivity with endogenous MGDG in the envelope membranes (1 1, 12) .
UDGT was assayed according to the method of Douce and Joyard (7) (Figs. 1 and 2 ). With 1 and 2 mM MgCl2, the increase in the activity was obvious at less than 25 ,uM 18:3 and was maximal at 300 to 400 ,uM ( Fig.  2A) . Without MgCl2, GGGT activity was low irrespective of the 18:3 concentration, and with 10 mM MgCl2, the stimulation of GGGT activity was saturated and insensitive to 18:3 (Fig. 2, A and B) .
The optimum pH for GGGT activity was around 7.0 in the presence of 2 mM MgC12 with 300 jtM 18:3 or of 10 mM MgCl2 (data not shown). As the pH was lowered, the label was predominantly increased in 6-0-acyl-MGDG (data not shown), consistent with the result of Heemskerk et al. (10) . In the assay at pH 7.2, however, the label incorporated into this lipid hardly exceeded 5% of the total label applied to the membranes (see Fig. 1 ).
EDTA reduced the MgCl2-stimulated GGGT activity almost to background levels (Table I) . However, in the presence of 18:3, EDTA suppressed the MgCI2-stimulated GGGT activity to a lesser extent (Table I) . BSA suppressed the 18:3, MgCl2-stimulated GGGT activity at high levels (Table I) , probably due to the removal of 18:3 from envelope membranes as a result of its binding to BSA.
Heemskerk et al. (10) found that GGGT activity is stimulated not only by MgCl2 but also by several divalent cations and high concentrations of monovalent cations. Figure 3 shows that MgCl2 can be replaced by MnCl2, CaCl2 and also by a high concentration of KCI for the stimulation of GGGT activity in combination with 18:3.
Fatty Acid Specificity for GGGT
The specificity of FFA for the stimulation ofGGGT activity is shown in Figure 4 . Unsaturated 16-and 18-carbon fatty acids were more effective than the corresponding saturated acids. We note here that the fatty acid specificity was quite similar to that for the acyl-CoA synthetase in spinach envelope membranes (15) .
Effects of MgCI2 and 18:3 on UDGT Activity
Without the addition of 18:3, incorporation of UDP-Gal into the galactolipids was almost fully stimulated at 2 mm MgCl2 (Fig. 5) ; the activity was as high as 2 ,umol/mg protein/ h, which matched the activity as observed in spinach (5, 26) and pea (3) envelope membranes. The addition of 18:3 inhibited the incorporation of UDP-Gal over the range of the MgCl2 concentrations tested and, in addition, abolished the stimulative effect of MgCl2 on the activity (Fig. 5) .
Since MGDG newly synthesized from UDP-Gal by the action of UDGT is then utilized for the substrate of GGGT within the membranes (26) , the incorporation of UDP-Gal into galactolipids, as shown in Figure 5 , is the result of cooperative action of both enzymes. Table II shows the distribution of label among the galactolipids incorporated from UDP-[3H]Gal. Without MgCl2, label was predominantly located in MGDG, indicating that GGGT was almost blocked. Nevertheless, the total incorporation was suppressed by 18:3, which is evidence that 18:3 inhibits UDGT. In the presence of low concentrations of MgCl2 (1 and 2 mM), 18:3 not only suppressed the total galactose incorporation but also shifted the distribution of label to the oligogalactolipids by about 10% (see also Fig. 6 ). This is further evidence that 18:3 suppresses UDGT, but stimulates GGGT activities. detectable with as little as 5 AM, giving a half-inhibition at about 100 AM. Figure 6 shows the fatty acid specificity of UDGT inhibition in the envelope membranes. Unsaturated 16-and 18-carbon fatty acid species were more inhibitory to UDGT than the corresponding saturated species. Again, the label was distributed more heavily in the oligogalactolipids than MGDG when UDGT was strongly inhibited by unsaturated fatty acids. A comparison of the fatty acid specificity for GGGT stimulation (Fig. 4) and UDGT inhibition (Fig. 6) shows that the same FFA species have opposite effects on two separate galactosyltransferases.
Effect of Ozone on GGGT
We have previously shown the operation of GGGT in ozone-fumigated spinach leaves based on the accumulation of TGDG and TTGDG in the leaves (22) . Figure 7 , A and B, shows the dependence of GGGT activity on the substrate (MGDG) and MgCl2 concentrations, respectively, in the envelope membranes isolated from ozone-fumigated spinach leaves. The characteristics of GGGT were unaffected by ozone, confirming that GGGT remained active in the leaves during the fumigation with ozone.
DISCUSSION
In the previous paper (22) , we reported that both the hydrolysis of MGDG to FFA, especially 18:3, and the formation of oligogalactolipids were stimulated in spinach leaves at early stages of ozone fumigation. The present results clearly demonstrated the stimulative action of FFA on GGGT activity in combination with divalent cations (Figs. 2 and 3 ). In addition, the effective species of FFA were shown to be unsaturated 16-and 18-carbon fatty acids (Fig. 4) , including 18:3. Therefore, the oligogalactolipid formation induced by ozone can be ascribed to the enhancement of GGGT activity by FFA temporarily accumulated in the envelope membranes. However, we cannot rule out the other possibilities of ozone action, e.g. an increase in Mg2+ concentration around the enzyme, which also stimulates GGGT activity (Fig. 2) .
In contrast to the lack of effect of ozone fumigation on the properties of GGGT in spinach chloroplast envelopes under the present conditions (Fig. 7) , Mudd et al. ( 18) reported that incorporation of UDP-Gal into oligogalactolipids, GGGT activity, was inhibited by ozone bubbling into the suspension of spinach chloroplasts and suggested that hydrogen peroxide produced during the oxidation of fatty acids by ozone was responsible for GGGT inhibition. Thus, the lack of an effect of ozone on GGGT activity in our experiments (Fig. 7) would be accounted for by the absence of hydrogen peroxide production; little fatty acid oxidation was detected in spinach leaves at early stages of ozone fumigation (21, 23) .
Fatty acid specificity for the stimulation of GGGT activity (Fig. 4) closely resembled the substrate specificity of acyl-CoA synthetase in the spinach chloroplast envelopes (15) . This may be partly attributable to the difference in solubility among fatty acid species. Consequently, FFA temporarily accumulated in the envelopes causes an increased production of oligogalactolipids as well as 1,2-DG from MGDG by the enhancement of GGGT; FFA is concomitantly metabolized to acyl-CoA by acyl-CoA synthetase in the envelopes. Consistent with this view, FFA, mainly 18:3, formed in the chloroplasts was shown to be preferentially converted to acylCoA by the addition of CoA and ATP (22) . Thus, 1,2-DG and acyl-CoA produced in the envelopes would function as the substrates for TG synthesis. We have already presented evidence that 1,2-DG liberated from MGDG was further metabolized to TG by the acylation with 18:3 in ozonefumigated leaves (22, 24) . In contrast to the stimulation of GGGT activity, FFA inhibited UDGT in the envelope membranes ( Figs. 5 and 6 ; Table II ). The inhibition of UDGT by 18:1 has been already reported (1 1, 27) . This is favorable to the production of 1,2-DG from MGDG, but unfavorable to the reverse production of MGDG from 1 ,2-DG. It has been shown that incorporation of UDP-Gal into MGDG is gradually decreased, but incorporation into oligogalactolipids is steadily increased or accelerated when chloroplasts (9, 19) and envelopes (5) are incubated for prolonged periods. This observation may be partly accounted for by the inhibition of UDGT and the stimulation of GGGT activity by FFA, since FFA is known to be readily produced by aging of chloroplasts (13, 17, 22) .
Although GGGT required higher Mg'+ concentrations than UDGT for its full activity, FFA lowered the Mg'+ concentration required for maximal GGGT activity, thus GGGT was active in the presence of FFA at similar ranges of Mg" concentrations to UDGT (Figs. 2B and 5 (Table I; ref. 10) and UDGT (9) activities, free Mg2" is expected to play a regulatory role in galactolipid biosynthesis in chloroplast membranes. The localization of GGGT in outer envelope membranes of spinach chloroplasts (4, 12) suggests that GGGT activity is regulated by cytosolic Mg2". Although UDGT is located in inner envelope membranes of spinach chloroplasts (4, 5) , the fact that incorporation of UDP-Gal in intact spinach chloroplasts is markedly stimulated by exogenously applied MgCl2 (9) may indicate that UDGT is also regulated by the cytosolic Mg2+. Recently, free Mg2+ in cytosol of mung bean root tips was estimated to be 0.4 mm (28); this value is adequate for the regulation of both enzymes.
According to the current concept of lipid synthesis (20, 25) , fatty acids de novo synthesized as acyl thioesters in the stroma are hydrolyzed to FFA when exported outside the chloroplasts. The FFA formed, mainly 18:1 and 16:0, pass through the inner envelope membranes and are converted to acylCoA in outer envelope membranes. Consequently, both inner and outer envelope membranes are continuously exposed to 18:1 and 16:0. As shown in Figures 4 and 6, 18:1 was an effective species for both the stimulation of GGGT and the inhibition of UDGT; 16:0 was less effective. Therefore, it is likely that both envelope enzymes are regulated by these fatty acids when they pass through the envelopes as intermediates of fatty acid synthesis.
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